The genetic control of self-incompatibility and the number of S-alleles were studied in a population of Phlox drummondii from Lytle, Texas. Thirty-four seedlings were transplanted to the greenhouse. Each was self-fertilized (using bud pollination) to generate self families of 9-il plants. Complete diallels were performed within each family. Twenty-four families contained three crosscompatibility phenotypes whose crossing relationships indicated that self-incompatibility was under gametophytic control and governed by one gene. Homozygotes from twenty-four families were crossed in a half-diallel for S-genotype assigmnent. Thirty S-alleles were detected. Allele frequencies did not deviate significantly from equality.
Introduction
Experimental investigation of the self-incompatibility (S-gene) polymorphism has at the outset a conceptual framework generally unavailable for other polymorphisms (Wright, 1939 (Wright, , 1964 Fisher, 1958; Ewens, 1964; Crosby, 1966; Nagylaki, 1975; Yokoyama & Nei, 1979; Yokoyama & Hetherington, 1982) . The selective advantage of an allele is negatively related to its frequency in the population, and the number of different alleles in a population is potentially very large. Population subdivision by virtue of restricted gene flow will increase the number of alleles that can be retained within a population. The frequencies of each of k alleles are expected to be approximately 1/k, provided that the population is in equilibrium and that the effect of selection on the gene is limited to that associated with incompatibility.
In spite of this conceptual framework, S-gene polymorphism in natural populations is not well understood. It has been described in only four species with gametophytic self-incompatibility (Oenothera organensis, Emerson, 1939 Emerson, , 1940 Trifolium repens, Atwood, 1944; Trifolium pratense, Williams & Williams, 1947;  Papaver rhoeas, Campbell & Lawrence, 1981a,b; Lawrence & O'Donnell, 1981) , and in only four species with sporophytic self-incompatibility (Iberis amara, Bateman, 1954 ; Raphanus raphanistrum, Sampson, 1967; Raphanus sativus, Karron et al., 1990;  Sinapis arvensis, Ford & Kay, 1985; Stevens & Kay, 1989) .
The purpose of this study was to establish the genetics of self-incompatibility in Phlox drummondii
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Hook., and to identify S-allele genotypes and gene frequencies in one population. This species has a strong, but surmountable, incompatibility system (Levin, 1985) . Crosses between plants of different degrees of relatedness suggested that self-incompatibility was under gametophytic control (Levin, 1989) . Pollen is binucleate, and the incompatibility reaction occurs on the surface of the stigma (Levin, 1975) . This species is almost exclusively outcrossing in natural populations (Watkins & Levin, 1990) . Deviations from panmixia ostensibly are the result of breeding between relatives.
Materials and methods
In January 1989, 34 plants were transplanted as seedlings from a population in Lytle, Atascosa Co., Texas. The transplants were from a 50 m X 50 m area in the centre of the population. To reduce the chance of sampling full-or half-sibs, the plants chosen for transplanting were at least 5 m apart. This population was chosen for study because earlier investigations showed plants therein to be strongly self-incompatible. Some P.
drummondii populations are weakly self-compatible (Levin, 1985) . As will be discussed below, this condition obfuscates the breeding programme used in this study.
Each transplant was self-fertilized, using bud pollination to circumvent the incompatibility barrier. The 34 families obtained by this method each contained 9-11 plants, referred to as self-sibs.
Plants within each family were crossed in a complete diallel to identify the S-allele homozygotes and hetero- Plants which failed to set seed when pollen from other family members was placed on their stigmas were judged to be heterozygotes (Table 1) . Plants which set seed were judged to be homozygotes. Homozygotes which successfully interbred were considered to have different genotypes (i.e.
and SS). Homozygotes
which failed to interbreed were considered to have the same genotype.
One plant of each of the two homozygotes per family was self-fertilized (using bud pollination) to generate the S-gene homozygotes used in the genotype assignment programme. The homozygotes from each of the 30 families were intercrossed in a haif-diallel.
Initially two pollinations were made per crossing combination. If no fruits were obtained, two more pollinations were made. If no fruits were obtained then, the homozygotes were assumed to have the same genotype. If fruits were obtained, the homozygotes were assumed to have different genotypes. The use of seed-set to determine whether plants share S-alleles is less desirable than observations of pollen behaviour on stigmas because failure to set seed might not result from pollen-pistil incompatibility. In this study, the overall probability of fruit-set failure for a compatible cross is 0.3, and thus the probability of four compatible crosses setting no seed is (0.3) =0.81 per cent. Thus it is possible that one or perhaps two crossing combinations classified as incompatible were misclassified.
Results
Three cross-compatibility phenotypes were demonstrated in 24 of the 34 intrafamily diallels. The crossing behaviour of these phenotypes conforms to that expected with gametophytic self-incompatibility as described above. The outcome of crosses within family 3 illustrates this point ( Table 2 ).
The numbers of plants per cross-compatibility phenotype are shown for the 24 families in Table 3 . The most frequent homozygous phenotype is designated I. Homozygotes exceeded heterozygotes in 11 families. Heterozygotes exceeded homozygotes in seven families and were equal to them in six families.
Four families (12, 30, 33, 34 ) contained only two cross-compatibility phenotypes, as illustrated in Table  4 . The plants in these groups showed unilateral incompatibility when intercrossed, indicating that one group was homozygous and the other was heterozygous.
Presumably the second homozygote was not recovered because of small sample size. Roman numerals refer to the cross-compatibility phenotype; arabic numerals refer to individual plants. Phenotypic classes could not be distinguished in six families. In families 3, 8 and 2, nearly every cross was incompatible in both directions. However, plants which failed to cross successfully as a pollen or egg parent within its familiy crossed successfully with plants from other families. For example, plant 2 from family 25 was an effective pollen and egg parent with 16 of 24 unrelated plants with which it was crossed.
Similarly, plant 8 from family 3 was an effective pollen and egg parent with 12 of 17 unrelated plants with which it was crossed. Perhaps members of these families were homozygous for the same S-alleles.
In three families (6, 16 and 29) , plants successfully crossed with most of their sibs as both pollen and egg parents. The results of the family 6 diallel is illustrated in Table 5 . No functional incompatibility system would yield such a high percentage of successful crossing combinations in a family derived by selfing a single plant.
The genotypes assigned to the 24 parental plants whose self-families contained both homozygotes are presented in Table 6 . The total number of S-alleles examined in this experiment was 2 X 24 = 48, of which 30 turned out to be different. Seventeen alleles occurred once, eight alleles occurred twice, and five alleles occurred three times.
The equality of S-allele frequency was tested by the following statistic: x2=(n-1)(C2-4 r2/n)/(2r-4r/n), where C1 is the number of times an allele occurs, n is the number of alleles, and r is the number of plants tested (Mantel, 1974; Appendix, Campbell & Lawrence, 1981b) . The observed inequality in allele frequencies is not statistically significant (x2 11.13, P>0.05). Indeed, the fit of the data to the hypothesis of equal allele frequencies is surprisingly high, P 0.998.
Discussion
Diallels within self-sibships indicate that Phlox drwninondii possesses a gametophytic system of selfincompatibility which is controlled by a single gene with multiple alleles. In most species with gametophytic self-incompatibility, pollen tube growth is arrested in the style or ovary (Richards, 1986) . However, in this species (Levin, 1975 (Levin, , 1985 , and some others (e.g. Oenothera organensis, Emerson, 1940; Papa ver rhoeas, Lawrence, 1975) , self-pollen inhibition is stigmatic. All Table 5 Percentage fruit-set in a diallel in family 6
Egg parent Thirty S-alleles were detected in the Lytle Phlox population. This number is similar to that found in populations of other species with gametophytic selfincompatibility, and is consistent with the expectation of great allele diversity. In one of two Papaver rhoeas populations in which 36 plants were tested, 30 Salleles were found; in the other 26 S-alleles were found (Lawrence & O'Donnell, 1981) . Thirty-one S-alleles were found in a sample of 51 plants from a third population. Thirty-seven plants of Oenothera organensis contained 28 S-alleles (Emerson, 1939) . Twenty-five plant samples of two Trifolium repens populations yielded 36 and 39 S-alleles, respectively (Atwood, 1944) . Williams & Williams (1947) (Paxman, 1963) .
The estimated number of alleles in the Phlox population is N= 45. This number does not seem unrealistic given that the Lytle population contains several thousands of plants and has been in existence for at least five decades. Wright (1939) has shown that approximately 5000 individuals is the minimum population size required to maintain 45 S-alleles given a mutation rate of 1 X 10-6 and that the population is in equilibrium (Wright, 1939) . S-alleles are expected to have approximately the same frequencies, given that the population is in equilibrium and that the S-locus is unaffected by selection on other loci and has no pleiotropic effect (Wright, 1939) . The approximate equality of S-alleles was evident in the Lytle Phlox population and in Emerson's (1939) Oenothera organensis population. It was not the case in three Papa ver rhoeas populations (Lawrence & O'Donnell, 1981) . The basis for the inequality remains to be determined.
Cross-compatibility within Phlox families may be controlled by factors which modify S-gene action. This is evident in the diallels of three families, in which most crossing combinations were successful. Ostensibly pollen grains which share an S-allele with the pistil are nevertheless functional. This phenomenon is referred to as pseudo-compatibility; and it has been demonstrated in numerous species (Ascher, 1976; de Nettancourt, 1977) . The possibility that the anomalous crossing behaviour in these families is from segregating self-fertility (Sf) alleles is remote, because the parental plants were self-incompatible.
Pseudo-compatibility has been demonstrated in several wild populations and several cultivars of Phlox drummondii (Levin, 1975 (Levin, , 1985 . In wild plants it is usually manifested as low seed-set on self-pollination (less than 20 per cent), and as delayed and poor stigmatic germination of self pollen. However, some plants, especially dultivars, are highly self-compatible and self-fertile. Nevertheless, mixtures of self and cross pollen on stigmas of such plants yield mostly cross progeny (Levin, 1975) .
Pseudo-compatibility jeopardizes the utility of any breeding scheme designed to identity S-genotypes.
Crosses that would be unsuccessful in fully self-incompatible plants may be variously successful, and yield inconsistent and incomprehensible crossing patterns. This means that weakly self-compatible species are poor candidates for studying S-gene polymorphism.
